The Spallation Neutron Source (SNS) beam chopping system uses a segmented electrostatic lens in the Low Energy Beam Transport (LEBT) line to deflect the beam out of the Radio Frequency Quadrupole (RFQ) input aperture to create gaps in the 1 ms beam macro-pulse for extraction from the Ring, or fully displace the beam. The lens is split azimuthally into four quadrants which are pulsed independently by four bipolar high voltage pulse generators. The chopper timing control system creates trigger pulses to the pulse generators which deflect the beam sequentially to four positions on the chopper target. In the present chopper configuration, all four segments are powered simultaneously with a 1 MHz burst repetition rate within the macro-pulse. To improve chopping performance, faster switches and higher voltages are required. An alternative chopping system configuration which can meet this request has been proposed, where only two opposite segments are used at a time. This will facilitate pulse generator performance by reducing switching frequency and power dissipation in the high voltage switches while operating at increased voltages, and make beam deflection more effective, stable and reliable. The new chopping configuration requires changes in the LEBT timing control patterns, upgrading the pulse generator, and changing the azimuthal position of the lens segments in the LEBT structure. This paper will review the timing control patterns for present and suggested configurations, compare the pulse generator performance for both cases, and show the advantages of the new chopping modes. The results of the simulated beam distribution at the RFQ input for different deflecting voltages will also be presented.
I. INTRODUCTION
The Spallation Neutron Source (SNS) beam chopping system has more than 10 years operational history. It has been upgraded several times to improve the system's performance [1, 2] .
Chopping is accomplished by applying positive and negative high voltage (HV) pulses to four electricallyisolated segments of the electrostatic lens in the Low Energy Beam Transport (LEBT) line [3] . These segments are used to deflect the beam from the linac beam line creating a gap in the beam which is required for extraction from the accumulation ring. The programmable timing controller provides a sequence of trigger pulses to four independent bi-polar pulse generators (pulsers) which are ac-coupled to the deflecting lens segments. It is desired to increase the average beam current in the linac to deliver more beam power to the SNS target. This can be achieved by decreasing the gap in the beam. "Smart Chopping" is proposed to increase the average beam current. This consists of decreasing the beam gap produced by the pulsers and using the Ring RF to sweep the gap clear allowing time for extraction with low beam losses. "Smart Chopping" requires advanced features from the pulser system, such as producing shorter pulse widths, pulse width ramp-up and ramp-down timing control, full beam deflection when needed, smooth transition between different timing modes, and faster rise and fall times. The existing system cannot satisfy all these requirements due to the pulser's performance limitations [4] . An alternate timing control configuration is required for improving performance of the existing pulsers, and this can help to make chopping even more effective in the future when using the new generation of fast power switches under development at the SNS.
II. LEBT BEAM DEFLECTOR
The second electrostatic lens in the LEBT provides two functions. The first is to focus and align the beam with the acceptance cone of the RFQ, which characterizes the range of angles over which the beam can propagate to the RFQ cavity. The second is to deflect the beam from the beamline to the chopper target by applying transverse electric field to the ions.
The pulse generators produce fast rectangular waveforms to provide full deflection and minimize switching losses. The lens segments are pulsed in sequence to rotate the field and deflect the ions to four different spots on the chopper target in the direction between the RFQ vanes. This limits the amount of energy delivered to one spot on the target and eliminates the beam hitting the RFQ vanes during transitions, which mitigates vane damage. In the existing system, this is achieved by superposition of the +/-2.5 kV pulses on opposite segment pairs. Fig. 1 represents a simplified view from the plane near the deflector towards the RFQ entrance. An arrow shows the direction of the beam deflection for a particular combination of HV pulses. 
III. PRESENT TIMING CONTROL
The SNS ion source produces a 60 Hz train of 1.0 ms beam macro-pulses which transport through the LEBT to the RFQ entrance. The structure of the SNS beam pulses at the RFQ entrance is shown in Fig. 2 There are different zones in the macro-pulse. "Chopped-Beam" is when part of the beam is deflected to the chopper target and the remainder goes downstream to the RFQ acceptance cone. "Beam-Off" mode is when the beam is fully deflected to the chopper target with no beam entering the RFQ acceptance cone. "Chopped-Beam" contains three modes: "Beam-On" with constant pulse width, "Ramp-Up" and "Ramp-Down" with varying pulse widths. Number of mini-pulses and the pulse width in each zone is controlled by the LEBT timing controller. The period of the beam mini-pulses in this mode is determined by the beam energy in the Ring and it is equal to time of one revolution of the beam in the Ring (T rev ). The current SNS accelerator beam energy and T rev are approximately 960 MeV and 950 ns respectively.
A. Beam-On Mode
"Beam " Each pulser produces two positive, then two negative HV pulses in sequence. The beam pulse width, T beam , can be varied by changing the pulse width, T p , which is limited in the current pulser by the internal HV components [4] . During normal operation, T p varies from approximately 165 ns to 670 ns, and the T beam varies from 280 ns to 785 ns. The direction of deflecting field inside the LEBT structure changes every mini-pulse cycle, and the full 360-degree beam rotation time is 4xT rev .
B. Beam-Off Mode
Fig . 4 shows the existing 8 position "Beam-Off" mode timing. In this case, the pulse changes polarity each cycle and adjacent segments are time shifted by 0.5xT rev . The minimum dead-time, ∆T = 120 ns, between long pulses is required by the pulser's high voltage switches to provide reliable transition from one polarity to the other. 
C. Full Beam-Off Mode
"Full Beam-Off" mode is used when it is necessary to deflect entire 1.0 ms macro-pulse. In this case pulse trains on four segments follow the pattern shown in Fig. 4 for the full macro-pulse cycle resulting in no beam in the RFQ acceptance cone. This mode is used when a fault occurs in another portion of the linac and the beam pulse is aborted by the machine protection system.
IV. PERFORMANCE OF THE EXISTING PULSER
A test stand was utilized to study performance of the pulse generators while running in each timing mode. Switch currents, power dissipation, heating issues, and timing stability were subjects of interest.
A. Switching Losses
The investigation revealed that peak currents and power losses in the MOSFET switches during transitions vary between operational modes.
Switching losses in "Beam-Off" mode are 10-15% higher than in "Beam-On" mode. In "Beam-On" mode, there is a difference in switching losses between the first and second pulses of the same polarity. The peak current differs between the first and second by 6-8 %, with the first being higher. In "Beam-On" mode, switching losses are lower when the dead-time between opposite polarity pulses is longer.
In "Full Beam-Off" mode, transition losses in the switches are highest and may cause the overheating fault.
B. Power Supply Issue
The existing LEBT chopping system configuration uses one positive and one negative high voltage power supply to feed all four pulsers in parallel. The power supplies have limited output current and increased loading during "Full Beam-Off" mode at 60 Hz causes the power supplies to enter "Current-Limit" mode. The power supply's output voltage droops by ~20%. This reduced voltage is not enough for proper deflection of the ions. A simple solution is to replace the power supplies with a higher current rating or add two additional supplies to split the loading.
C. Pulse Width Instability
Pulse width instability has been observed during timing measurements in "Beam-On" mode which may cause distortion of the deflecting field in the structure. Adjacent pulsers not producing equal width pulses may cause partial deflection of the chopped beam. The existing trigger circuit and power electronics cannot provide stable switching for pulse widths shorter than 180 ns and variations of 15 ns have been measured.
V. NEW TIMING CONFIGURATION
Three main changes are suggested to improve performance of the pulse generators and make chopping more effective.
Drive two lens segments instead of four with new timing patterns and new beam deflection patterns. This will reduce the pulse repetition frequency in the burst and increase the dead-time between pulses. Increase amplitude of the pulsed voltage on each segment. This is necessary to produce the same deflecting field while driving only two lens segments. Rotate the LEBT lens segments in the structure by 45 degrees. This avoids beam leakage to the RFQ vanes during pulse transitions.
A. New Beam-On Mode
The new "Beam-On" mode patterns for each of the four deflecting lens segments are shown in Fig. 5 . The new patterns are proposed as a method to reduce switching losses by eliminating the same polarity double pulse pairs of the existing patterns. Pulsers "A" and "C" are on at the same time but with opposite polarity. Pulsers "B" and "D" are also on at the same time but with opposite polarity and shifted in time by T rev .
The number of HV pulses per macro-pulse is cut in half further reducing switching losses. The beam deflection will be shifted azimuthally by 45 degrees for every pulse relative to the present configuration. This creates the possibility of partially deflected ions reaching the RFQ vanes during transitions. To avoid this, the position of the LEBT lens segments have to be rotated by 45 degrees, which is shown in the upper right corner of the diagram of Fig.5 .
Significantly increasing the time between pulses allows full recovery of the power electronics and stray capacitances which will reduce pulse width distortion and jitter. This will produce symmetrical HV pulse trains of opposite polarities ensuring repeatability and stability for each combination of mini-pulses.
The HV pulse width on each segment can vary from a minimum of 165 ns for the existing pulser, or even shorter if using faster pulser, to a maximum of T rev when the beam width will approach zero and the "Beam-On" mode smoothly transfers to the "Beam-Off" mode as shown in Fig. 6 .
B. New Beam-Off Mode
In this mode the HV pulse width on each segment can be expressed by T p = T rev +∆T, where ∆T varies from 0 to a maximum of T rev -120 ns, as the minimum time between HV pulses for the MOSFET switches and trigger circuitry is 120 ns. In comparison to the present "Beam-Off" mode, the new patterns avoid beam leakage to the RFQ acceptance cone due to overlap of the pulses on the adjacent segments. Finite rise and fall times of the HV pulse at the lens segments may cause beam leakage when ∆T is close to zero. Ideally, ∆T should be greater than both the rise or fall time of the HV pulses, to ensure full beam deflection.
The pulse repetition rate for an individual pulser remains the same as in "Beam-On" mode. The beam is still deflected in eight directions, as in the present "BeamOff" mode, but the speed of beam rotation is a factor of 2 slower. Instantaneous heating of the chopper target will be higher but integrated heating will stay the same during the burst.
The new timing simplifies the logic used by the timing controller to generate the pulse sequences for both "Beam-On" and "Beam-Off" modes. Actually, the two modes are the same, only the pulse width is changed, not patterns. If the pulse width, T p , is less than T rev , the chopped beam propagates to the RFQ acceptance cone. If T p is greater than T rev , the beam is fully deflected to the chopper target. The controller is no longer required to calculate the complex transition between modes.
C. Requirements for Chopping System Components
Using two instead of four lens segments requires increasing the amplitude of the pulsed voltage to produce the same deflecting field. A simplified analysis of the vector diagrams for two and four lens segment configurations indicates that the voltage amplitude will need to increase by approximately 40% to get the same field intensity. The existing HV DC power supplies are able to charge pulser's storage capacitors to 3.5 kV meeting the increased requirement. All components in the existing pulsers, except for the storage capacitors, are rated to appropriate voltage.
D. Switching Losses
The MOSFET switching losses operating with the new patterns will be the same or lower than with the existing patterns. In the new "Beam-On" mode peak power losses during switching will be doubled as the peak voltage and the peak current are each increased by roughly 40%, but the number of pulses in the same time frame is reduced by factor of 2. Therefore, the average power losses in the HV switches remain the same as they are in the existing configuration.
In the new "Beam-Off" mode the situation is similar, but because the period is longer between positive and negative pulses, the peak currents will be less than in the existing configuration, instantaneous power dissipation during switching will be less, and thus total average power losses will be reduced.
The new faster power switches under development at SNS will benefit from the new patterns during all modes.
VI. BEAM TRAJECTORY SIMULATION
The effectiveness of the new configuration was evaluated by simulating the beam transport through the two lenses of the electrostatic LEBT with SIMION code. 
VII. SUMMARY
New timing control patterns for the SNS beam chopping system have been proposed to provide effective beam deflection in the LEBT and improve the performance of the pulse generators. The new configuration has the following advantages:
Driving two segments instead of four will reduce the pulse repetition rate and increase the dead-time between pulses of one polarity. Eliminates double-pulses of one polarity. The sequence of the pulses is constant with only pulse width variations and is the same for the "Beam-On" and "Beam-Off" modes, simplifying the timing control system. In particular, it provides smooth transitions from one mode to another. Eliminates the possibility of beam leakage during the "Beam-Off" mode transitions by overlapping the pulses with the adjacent lens segments. Switching power losses in the HV switches will be reduced.
The new configuration will be tested on the Ion Source Test Stand to verify the simulation results and define reasonable voltage amplitude needed for full deflection.
VIII.
